Abstract-The influence of electrode separation on electrical treeing in a glassy epoxy resin of needle-plane geometry has been studied under a fixed 50 Hz AC stress of 15 kV peak voltage. Growth of electrical trees is compared between samples of 1 mm, 2 mm, 4 mm and 6 mm electrode separation. The tree inception times and their distributions imply a change of mechanism for tree initiation when the electrode separation is above 4 mm. Subsequent tree growth was not affected by electrode separation. The trees were of the filamentary non-conductive type and did not feature a classical runaway to breakdown. Rather, tree propagation along the needle axis has been found to follow a rate independent of electrode separation. This implies that the filamentary tree growth is not dominated by modification of the electrical field in front of the tree tips, although such a conclusion is in conflict with existing treeing models. Breakdown does not occur rapidly after a filamentary tree fully crosses the dielectric, but is still primarily determined by the average electrical field across the sample.
INTRODUCTION
In solid polymeric dielectrics, electrical treeing is a slow deterioration process which can eventually lead to insulation failure (breakdown). To study the mechanisms of electrical tree initiation and propagation, laboratory experiments normally employ artificial field-enhancing defects (for instance metallic or air projections) to accelerate the treeing process so that it can be observed within a reasonable period of time. However, there is no universally adopted sample geometry for studying tree growth in the laboratory. Samples of different geometries can be found in literature [1] , for example the needle-needle, needle-hemisphere [2] , needle-plane and wire-plane geometries [3] . The needle and wire electrodes are usually a few micrometers in radius and the electrode separation varies, for instance, from 1 mm to 5 mm [4 -6] .
Since tree initiation is believed to be primarily dominated by the maximum electrical field at the field-enhancing electrode, more attention has been paid to controlling and studying the radius of the sharp electrode tip, for example in [7] , rather than the electrode separation. The latter is a secondary factor in determining to the magnitude of the maximum, highly divergent local electrical field. As a result, there is a lack of experimental evidence concerning how the electrode separation affects the electrical tree growth. However this remains important in the context of applying laboratorybased conclusions to large scale commercial insulation systems.
This work reports experimental results of electrical treeing in epoxy resin samples of electrode separation between 1 mm and 6 mm. The characteristics of the different treeing stages of inception, propagation and breakdown are compared.
II. EXPERIMENTAL
Samples of needle-plane geometry were prepared for the electrical treeing test. The epoxy resin and hardener used were Araldite® LY 5052 and Aradur® 5052 (from Huntsman). Each sample was made by casting an Ogura needle into a 22 mm × 22 mm × 25 mm epoxy resin cuboid. The needle tip had a radius of 3 μm and was separated from the opposite planar surface of the sample by 1 mm, 2 mm, 4 mm or 6 mm. After room temperature curing for about 24 hours, samples were post-cured at 100°C for 4 hours to achieve a glass transient temperature of 120°C -134°C (according to the manufacture's datasheet). 6 samples were prepared for each value of electrode distance.
During the electrical treeing test, 15 kV p (voltage amplitude), 50 Hz AC stress was applied to the needle electrode and the bottom surface of a sample was pressed onto a grounded flat brass electrode. Treeing processes were monitored through a CCD camera which recorded images of the 2-D projections of the tree structures. Tests were terminated upon sample breakdown or after a predetermined time (which varies between groups but was generally above 500 minutes).
III. RESULTS

A. Inception
There were two types of trees initiated after voltage application. They are visually distinct from each other in the 2-D images in terms of the contrast / grey level of the tree structures. This arises primarily from the different radii of the constituent tree channels. For convenience these are referred to as 'PD trees' and 'filamentary trees'. The diameters of tree channels are typically larger than 10 μm for PD trees and about 1 μm for filamentary trees.
To assess the impact of electrode separation on tree initiation, the inception time, the time between voltage application and the formation of the first observable tree channel (either PD tree or filamentary tree), was recorded and is shown in Figure 1 . Despite the poor consistency of values, the average inception time for the 6 mm sample group is clearly longer (at least 3 times longer) than those of the rest of samples. The majority of the 6 mm group took longer to initiate than all the other samples with the exception of one outlier in the 4 mm group. 
B. Tree Propagation
If the tree initiated from the needle tip is a PD tree, it typically propagates up to a few hundreds of micrometers, before slowing. Then sometime later (the time delay is affected by the electrode separation), a filamentary tree starts to grow from the furthest extent of the PD tree. If the tree initiated from the needle tip is a filamentary tree, it continuously propagates until reaching the plane ground electrode. Typical tree propagation characteristics for each sample group are shown in Figure 2 , which shows the tree lengths L (the longest distance between the needle tip and tree tips along the needle axis) as a function of time. All 4 samples shown in Figure 2 initially started with PD tree inception. Taking the 6 mm sample as an example, after the PD tree initiated, it barely grew in the following 240 minutes. The rapid linear increase in tree length from about 240 minutes is a result of filamentary tree extension. For samples without PD tree inception (i.e. those which started in the filamentary form), only the rapid growth of a filamentary tree can be observed. Apart from 1 mm samples, the tree growth rates reduced when approaching the plane electrode. As a result, and considering the different stages in the treeing process, the overall tree propagation time (from inception to reaching the counter electrode) cannot alone characterize a filamentary tree's growth. To quantify the filamentary tree growth, the mean growth rates (dL/dt) were obtained from the slopes of the linear growth periods in the measured tree length growth curves. The average filamentary tree propagation rates for each sample group are compared in Figure 3 . Not all samples are represented in this comparison. Samples in which trees did not initiate at the needle tip, or which had extensive initial PD tree growth (mostly in 1 mm samples) or poor image quality were not used. As can be seen from Figure 3 , the average growth rates of filamentary trees are the same between samples of different electrode distances, despite variations between individual samples.
C. Tree shape
The tree structures in samples of different electrode distances are compared in Figure 4 . No significant difference can be found between the tree shapes. Due to the nature of the filamentary tree whose channels are only about 1 μm thick or Figure 5 . Time to sample breakdown. For samples that did not breakdown by the end of test, the total stressing times are given as blue points and marked with arrows. Figure 6 . Tree inception times as a function of the maximum electric field at the needle tip are given alongside data estimated from the work reported in [7] . Two solid trend lines have been added for each data set.
less, it is difficult to perform meaningful quantified analysis on the tree morphology on these two-dimensional images.
D. Breakdown
Breakdown did not necessarily occur immediately after a filamentary tree propagated across to the planar surface of a sample. The lifetime of failed samples (the time to break down from voltage application) or, if they did not fail, the total testing time are plotted in Figure 5 . The proportion of samples which broke down decreased with an increase of electrode separation. Five out of six 1 mm samples failed, but no 6 mm sample failed after extended testing.
III. DISCUSSION
A. Tree Inception A-1 Initiation time as a function of electrical field
Since the tree inception is believed to be dominated by the local electrical field at the needle tip, the mean values of the tree inception time in Figure 1 are plotted against the maximum electrical field at the needle tip in Figure 6 . Here the maximum electrical field at the needle tip is calculated based on Mason's equation [8] : where V is the peak voltage applied to the needle electrode, r is the radius of the needle tip, d is the distance between the tip and the planar surface. In addition, data is added from the experimental results in [7] which compares the tree inception time with different needle tip radii at 10 kV rms AC using needle-plane samples and a 2 mm electrode gap. The two parallel trend lines in the semi-log plot suggest an approximate exponential decay of the tree inception time with the increase of Emax and good consistency between the datasets.
A-2 Weibull Statistic
For each sample group, the inception time was analyzed using the two parameter Weibull probability distribution. The shape parameters were directly calculated using Matlab functions, whilst detailed methods of calculation can be found elsewhere, for example in [9] .
The dimensionless shape parameters along with their 90% confidence limits are plotted against the calculated Emax in Figure 7 . For 1 mm, 2 mm and 4 mm samples, the shape parameters are similar and close to 1. It means that for these samples the likelihood of tree inception does not change significantly with time. However a higher shape parameter of about 2.4 was estimated for 6 mm samples. With a shape parameter larger than 2, the likelihood of tree inception increases with time at a growing rate. This implies that a degradation mechanism favoring tree initiation was occurring at the needle tip at the lower fields of the 6 mm sample. With the accumulative degradation, it becomes more likely for the tree to incept as time passes. Under a higher field, however, this degradation may be overridden by a stronger short term random 'local breakdown mechanism'. According to Figure 7 , a threshold between the rapid and slow degradation mechanisms can be found at round 1140 kV/mm.
B. Tree Propagation
There is a major difference between the filamentary tree propagation and classical treeing, which is that the filamentary tree did not feature a runaway to breakdown. Instead, when approaching the counter electrode, the growth rate of a filamentary tree was observed to slow down for 2 mm, 4 mm and 6 mm samples. However this decelerated growth stage was not observed for 1 mm samples, most of which broke down immediately when the tree crossed the dielectric. The origin of this decelerated growth stage has been discussed elsewhere [15] . In brief, it is mainly attributed to the inhomogeneous properties of the sample after being exposed to the ambient conditions (for instance moisture). As a consequence, the mean growth rate during a stable growth period is more appropriate for characterizing the filamentary tree propagation than the total time elapsed.
As shown in Figure 3 , a similar growth rate has been found for filamentary trees in samples of all electrode distances, whether or not incepted at a needle tip or from the PD tree tips. This suggests that the dominating mechanism for the filamentary tree propagation is independent of the electrode distance. Nevertheless such tree growth does not fit with any field-driven models in which the Laplacian field at the tree tips is a critical parameter determining directly [10] or indirectly [11 -14] new tree channel formation.
C. Breakdown
As shown in Figure 5 , samples with filamentary trees which have fully traversed the sample could still maintain dielectric integrity. Most 1 mm samples broke down immediately once a tree channel reached the counter electrode, while the 6 mm samples could withstand the applied stress for a considerable time. For those that did not immediately breakdown, the lifetime was determined by trees subsequently growing back from the planar electrode to the needle electrode. This has been introduced as reverse treeing in [15] . Based on the rates of breakdown occurrence in Figure 5 , the lifetime of an insulation subjected to the filamentary tree degradation can be regarded as being dominated by the average electrical field applied.
V. CONCLUSION
With a constant AC voltage applied, tree inception mechanisms in needle-plane samples are affected by the insulation thickness, i.e. the electrode separation and a threshold was found between 4 mm and 6 mm. The inception times for samples of 6 mm electrode separation are much longer than that of the 1 mm, 2 mm and 4 mm samples. Moreover Weibull analysis shows that tree inception rates for 1 mm, 2 mm and 4 mm sample are relatively constant in time (Weibull shape parameters are around 1). Whereas a higher Weibull shape parameter of about 2.4 determined for 6 mm samples suggests a progressive deterioration which creates favourable conditions for tree inception and consequently an increase of the likelihood of tree inception with time.
Even in situations where classic thick channel PD trees developed at tree inception, it was filamentary trees consisting of finer channels, which traversed the majority of the insulation. The mean growth rates determined have been used to characterize the filamentary treeing. The growth rates of filamentary trees were found to be similar among samples of various electrode distances. This implies that the mechanisms controlling the filamentary tree extension are not driven by modification of the field at the tree tip, a finding which conflicts with some existing treeing models.
The dielectric can withstand the applied voltage during growth of the filamentary tree and for some time even after it has traversed the insulation, suggesting the tree is insulating. The time to final breakdown of the sample is determined by the average electrical field, and so is dependent on electrode separation.
